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ABSTRACT 

We  describe  the  operation  of  lasers  having  active  regions  composed  of  InP  self- 
assembled  quantum  dots  embedded  in  Ino,5Alo.3Gao.2P  grown  on  GaAs  (100)  substrates  by 
MOCVD.  InP  quantum  dots  grown  on  Ino.5AJo.3Gao.2P  have  a high  density  on  the  order  of  about 
1-2x10  cm'^  with  a dominant  size  of  about  10-15  nm  for  7.5  ML  growth[l]  These 
Ino.5Alo,3Gao.2P/lnP  quantum  dots  have  previously  been  characterized  by  atomic-force 
microscopy,  high- resolution  transmission  electron  microscopy,  and  photoluminescence.[2]  We 
report  here  the  300K  operation  of  optically  pumped  red-emitting  quantum  dots  using  both  double 
quantum-dot  active  regions  and  quantum-dot  coupled  with  InGaP  quantum- well  active  regions. 
Optically  and  electrically  pumped  300K  lasers  have  been  obtained  using  this  active  region 
design;  these  lasers  show  improved  operation  compared  to  the  lasers  having  QD-based  active 
regions  with  threshold  current  densities  as  low  as  /,/,  ~ 0.5  KA/cm^. 

INTRODUCTION 

lll-phosphide  self-assembled  quantum-dot  (SAQD  or  simply  QD)  structures  having 
delta- functional  behavior  of  the  density  of  states  and  the  discrete  energy  levels  of  carriers 
induced  by  three-dimensional  quantum  confinement  offer  the  potential  to  realize  injection  lasers 
operating  in  the  visible  spectral  region  with  improved  performance  characteristics,  such  as  low 
threshold  current  density,  high  characteristic  temperature,  and  high  differential  gain  [3,4,5].  The 
direct  growth  of  coherently  strained  defect- free  self-assembled  quantum  dots  on  planar  substrates 
using  the  coherent  Stranski-Krastanow  (SK)  growth  mode  [6,7]  offers  the  potential  to  develop 
QD  visible  laser  devices  with  the  theoretically  predicted  and  experimentally  realized  improved 
performance.  Also,  the  SAQD  growth  process  can  overcome  the  limitation  of  lattice  matching 
between  the  substrate  and  epitaxial  active  region  due  to  the  intrinsic  strain- compUant  nature  of 
the  SK  growth  mode. 

ni-As  quantum  dot- related  structures  for  infrared  optoelectronic  applications  at  ?~1.3?m 
have  been  extensively  researched  for  growth  condition  optimization,  material  property 
characterization,  and  device  apphcations  including  lasers  in  the  infrared  spectral  region.  Since 
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the  first  demonstration  of  InAs  quantum  dot  lasers  [8],  a great  deal  of  research  on  111- As  based 
quantum  dot  structures  have  led  to  quantum-dot  lasers  with  improved  threshold  current  densities 
and  characteristic  temperatures  [9]  as  compared  to  more  conventional  quantum- well  lasers. 

However,  in  comparison  to  the  111-As  material  system,  less  research  has  been  performed  in  the 
development  of  Hl-phosphide  SAQD  structures  for  applications  in  the  visible- light  spectral 
region.  Initially,  it  was  reported  that  the  properties  of  lll-P  SAQDs  had  a reduced  QD  density 
and  a broader  size  distribution  than  those  of  the  l!l-As  SAQDs.  Due  to  the  “blue-shift”  effect  of 
the  emission  fiom  the  SAQDs  induced  from  multiple  orders  of  quantum  confinement  and 
compressive  strain  on  QDs,  there  is  the  potential  to  extend  the  wavelength  of  liglit  emitters  to  the 
yellow  or  green  spectral  regions  using  binary  and  ternary  ID- Phosphide  SAQD  stmctines. 

In  the  past,  sfructures  with  active  regions  containing  InP  SAQDs  on  GaAs  substrates,  the 
QDs  have  generally  been  grown  on  Irvy  4qGa<)  5 1 P matrix  layers  by  MBE  [ 1 0, 1 1 ],  MOC VD 
[12,13],  or  by  hydride  vapor  phase  epitaxy  (VPE)  [14].  InP  SAQDs  embedded  in  Ii>),49Gao.5iP 
grown  on  GaAs  (100)  substrates  grown  by  MOCVD  have  been  reported  to  yield  relatively  low 
densities  of  SAQDs  (~10^-  lO"*  cm"),  compared  to  I!I-As  SAQDs,  and  a bimodal  size  distribution 
of  coherent  islands  has  been  reported.  InP  SAQDs  have  also  been  grown  on  GaP  substrates  [15] 
to  modify  the  strain  applied  to  InP  QDs;  however,  no  PL  emission  from  the  QDs  was  observed, 
possibly  due  to  the  expected  Type  II  conduction  band  alignments  in  this  system  Moreover,  the 
growth  of  InP  SAQDs  is  not  as  well  developed  as  the  growth  of  111- As  SAQDs  and  further 
investigation  is  required. 

To  improve  the  QD  density,  the  effect  of  different  matrix  layers  lattice-matched  to  GaAs 
substrates  having  larger  bandgap,  such  as  Ino.4>)(AI,Gai..v)o,5iP  (a=0.3,  0.6,  1 ,0),  needs  to  be 
studied  to  improve  the  carrier  confinement.  Furthermore,  a different  matrix  material  system  is 
expected  to  change  the  morphology  and  growtli  characteristics  of  the  InP  SAQDs.  Additionally, 
the  matrix  material  affects  the  optical  properties  of  SAQD  stmetures.  Recently,  we  studied  the 
growth  of  InP  SAQDs  on  InAlGaP  matrix  layers  and  the  effect  of  coupling  quantum  dot  states 
with  the  electronic  states  of  the  InGaP  quantum  well  [20,21 ,22,23]. 

EXPERIMENT 

In  the  present  study,  InP  SAQD  growth  conditions  arc  employed  which  have  been 
optimized  with  various  matrix  layers  with  regards  to  QD  size,  uniformity,  and  density  as  well  as 
optical  quality  to  febricate  InP  QD  based  laser  operating  in  visible  light  spectral  region  with 
improved  characteristics.  InP  quantum  dots  coupled  to  InGaP  quantum  wells  have  been  studied. 
These  lasers  have  lased  CW  optically  and  pulsed  electrically  pumped  at  77K  and  300K.  QD 
material  and  optical  properties  are  characterized  by  atomic  force  microscopy  (AFM), 
photoluminescence  (PL),  and  high- resolution  transmi.ssion  electron  microscopy  (TEM). 

The  InAlGaP/InP  QD  and  laser  structures  in  this  work  were  grown  by  low-pressure  metalorganic 
chemical  vapor  deposition  (MOCVD)  in  an  EMCORE  Model  GS3200  UTM  rotating  disk  reactor 
at  ~60  Torr  using  a H2  ambient.  The  group  III  precursors  used  arc  trimcthylindium  (TMIn), 
trimethylaluminum  (TMAl),  and  triethylgallium  (TEGa);  tlie  group  V hydride  sources  are  arsine 
(ASH3)  and  phosphine  (PHj).  Disilane  (St>H6)  is  used  as  a source  of  Si  for  n-type  doping  and 
bis-cyclopentadienyl  magnesium  (CpiMg)  is  used  for p-type  (Mg)  doping.  The  growth  was 
preformed  simultaneously  on  two- inch  diameter  GaAs: Si  (100)  on-axis,  (100)  -10?  <1 1 1>A,  and 
(100)  -15?  <11 1>A  substrates. 
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The  surface  morphology  of  SAQDs  is  characterized  by  tapping- mode  AFM  on  the 
exposed  QD  samples  to  determine  the  QD  average  (or  dominant)  size,  density,  and  uniformity. 

The  QD  size  is  expressed  in  terms  of  the  height  as  measured  by  AFM.  The  density  is  taken  from 
the  multiple  sets  of  relatively  large  area  AFM  scans.  To  evaluate  the  morphology,  the 
Ino.5Alo.5P/InP  QD  stmcture  used  consists  of  an  Ino.49(AlvGai.j)o.5iP  lower  matrix  layer  (250  nm 
thick)  followed  by  an  InP  QD  active  layer  all  grown  on  a GaAs  buffer  layer/GaAs:Si  (100) 
substrate.  Following  the  QD  deposition,  the  growth  is  terminated  and  the  wafer  is  cooled  down 
imder  a PFla  overpressure  to  prevent  desorption.  The  lattice  parameters  of  the  It>).49(AkGai . 
jt)o.5iP  (jc=0.3, 0.6, 1.0)  matrix  layers  are  analyzed  using  a Rigaku  high-resolution  five  double- 
crystal X-ray  diffractometry  (using  a four-crystal  monochromator)  to  determine  the  degree  of 
lattice  matching  to  the  substrate.  For  lattice-matched  matrix  layers,  the  epitaxial  layers  are 
calibrated  to  have  less  than  -200  arc-seconds  of  angle  separation  relative  to  the  GaAs  substrate 
measirred  from  an  (004)  X-ray  rocking  curve.  This  is  done  in  order  to  minimize  the  strain  effect 
from  the  matrix  layer  on  the  growth  of  active  QD  layer.  The  optical  properties  of  InP  SAQDs 
embedded  in  various  matrices  are  characterized  by  room- temperature  and  low-temperature  PL. 
For  the  PL  measurements,  a ?~488  nm  excitation  source  from  an  Ar^  laser  operating  at  a 
constant  power  density  (50  - 200  mW)  and  a GaAs  photomultiplier  with  a GaAs  photocathode 
are  used.  For  these  quantum-dot  heterosfructures  (QDHs),  the  ItX)  49(AlvGa).j:)o.5iP  upper  matrix 
layer  is  grown  on  the  InP  SAQD  layer  with  a certain  post-prrrge  time  after  the  completion  of 
SAQD  layer  deposition.  TEM  is  also  used  to  study  the  microscopic  morphology  and  material 
quality  of  individual  QDs  with  and  without  upper  matrix  layer,  as  shown  in 

The  InP  SAQD  growth  conditions  are  optimized  by  altering  the  growth  temperature, 
growth  time,  and  V/EI  ratio.  The  growth  temperature  of  the  QDs  is  optimized  at  650°C  for  1 
minute  (7.5  ML)  with  a V/III  ratio  ~2,100.  The  estimated  nominal  growth  rate  of  InP  has  been 
reduced  to  ~0. 125  monolayer/sec  (ML/s),  as  calibrated  by  measuring  the  thickness  of  a thin  InP 
planar  layer  using  glancing  grazing  incidence  X-ray  reflectivity. 

METHODS  USED 

In  this  study,  we  report  some  of  the  characteristics  of  the  InP  SAQDs.  We  also  report  the 
device  results  of  optically  and  electrically  pumped  lasers  based  on  these  InP  SAQDs.  The  InP 
QD  growth  studies  are  performed  by  altering  growth  temperatures  and  times  and  using  various 
Ino.49(AljGai..t)o.5iP  matrices  (x=0.0,  0.3,  0.6,  and  1.0).  The  morphology  changes  of  the  exposed 
SAQDs  depend  on  the  growth  time  and  the  matrix  material,  and  are  characterized  by  atomic 
force  microscopy  (AFM).  Photoluminescence  (PL)  spectra  were  taken  at  4K  and  300K  to 
determine  the  light- emitting  characteristics  of  the  InP/IH).49(AlrGai.,:)o.5iP  quantum-dot 
heterostructures  (QDHs).  4K  PL  spectra  fiom  the  InP  SAQDs  embedded  in  Ino.49(AliGai.,,)o.5iP 
cladding  layers  exhibit  PL  emission  in  the  visible  orange  and  red  spectral  regions,  as  shown 
below.  Also,  transmission  electron  microscopy  is  used  to  characterize  the  microscopic  material 
quality  and  morphology  of  the  individual  QD  and  the  interfaces  between  SAQD  and  cladding 
layers. 

RESULTS  OBTAINED 

AFM  studies  of  InP  SAQDs  grown  on  InAlGaP  matrix  layers  have  shown  that  under 
some  conditions,  a relatively  high  density  of  small  quantum  dots  is  produced,  as  described  in 
Figure  1.  As  the  QD  growth  proceeds  with  longer  deposition  times,  the  average  QD  height  (and 
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base  width)  increases  and  the  average  density  correspondingly  decreases.  Our  work  has 
concentrated  on  the  7.5 ML  effective  QD  thickness  where  the  size  and  density  appear  to  be 
optimal  for  light  emitting  properties  determined  by  PL. 


QD  height  (nm) 

Figure  1 : Variation  of  height  and  density  vs.  nominal  layer  thickness  for  InP  SAQDs. 

TTie  4K  PL  intensity  vs.  wavelength  spectra  for  lnP/lr\j  4q(AIo  6Gao.4)o,5iP  QDHs  grown 
for  different  deposition  times  is  shown  in  Figure  2.  The  PL  spectral  peak  position  changes  from 
591  nm  (2.10  eV  for  3.75  MLs),  to  653  nm  (1.90  eV  for  7.5  MLs)  and  681  nm  (1.82  eV  for  15 
ML),  as  the  deposition  time  increases.  This  PL  emission  is  at  a lower  energy  than  that  observed 
from  comparable-sized  InP  QDs  embedded  in  lno  4<)Alo  51P. 


Wavelength  {A) 

Figure  2:  4K  PL  spectra  of  InP  SAQDs  embedded  in  InAIGaP  cladding  layers  grown  at 
650  "C  for  various  deposition  times. 

However,  InP/Iri().49(Alo  6Gao,4)o.5iP  QDHs  exhibit  more  efficient  luminescenee  than 
InP/liX)  4yAlo.5 1 P QDHs  at  room  temperature,  possibly  due  to  better  electron  confinement. 

TEM  studies  of  the  InP  SAQDs  have  shown  the  dislocation- free  structure  of  single-  and 
multiple- layer  QDHs  and  the  vertical  alignment  achieved  for  multiple  QD  layers,  as  shown  in 
Figure  3.  These  InP  QD  active  regions  have  been  incorporated  into  various  separate- 
confinement  laser  active  regions.  In  the  present  work,  we  have  grown  three  types  of  quantum- 
confined  “red- emitting”  active  region  la.ser  structures  on  GaAs  sub.strates:  (1)  single-  and 
multiple-QDHs;  (2)  single-QW  active-region  QDHs;  and  couples  QD+QW  structures  and 
compared  the  300K  and  77K  PL  emission,  as  shown  in  Figure  4.  Recently,  we  have  described 
the  effects  of  coupling  of  the  InP  QD  states  to  the  electronic  states  of  InGaP  quantum  wells 
grown  below  and  above  the  quantum  dots,  resulting  in  the  coupling  of  the  quantum  dots  through 


646 


electronic  states  in  the  quantum  wells  [24].  Optically  and  electrically  pumped  300K  lasers  using 
QD+QW  active  regions  have  been  obtained  using  this  unique  design;  these  lasers  show  improved 
operation  compared  to  lasers  having  QD- based  active  regions  with  pulsed  300K  threshold 
cunent  densities  Jo,  ~1.5  KA/cm^,  as  shown  in  Figure  5.  By  optimizing  the  coupling  between  the 
quantum  well  and  the  quantum-dots,  other  QD-i-QW  laser  devices  have  been  grown  that  exhibit 
pulsed  Jo,  values  at  300K  as  low  as  ~0.5  KA/cm^. 


Figure  3:  TEM  micrograph  of  stacked  InP  SAQDs. 
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Figure  4:  PL  spectra  for  InAlP  -InAlGaP-InP 
QW,  QD,  QD-l-QW  samples. 


Figure  5 : InAlP-InAlGaP-InP  QD+QW  300K 
electrically  pumped  optical  spectra. 


CONCLUSIONS 

In  summary,  we  have  grown  and  characterized  InP  SAQDs  embedded  in  Ino.49(AliGa|. 
;t)o.5iP  matrices  (x=0.0,  0.3,  0.6,  and  1.0).  The  InP  SAQDs  grown  at  650C  exhibit  uniform 
morphology  with  a 5-10  nm  dominant  height  and  ~2xl0'0  cm-2  density  for  7.5  ML.  As  the 
deposition  time  increases,  the  QD  size  increases,  while  he  density  decreases  slightly,  and  the  PL 
peak  position  shifts  to  lower  energy.  For  InP/Ino.5Gao.5P/Ino.49(Alo.6Gao,4)o.5iPdno.49AIo,5iP 
SQD+SQW  injection  lasers,  we  have  achieved  electrically  pumped  lasing  at  681  nm  at  300  K 
with  reduced  threshold  current  densities  as  low  as  0.5  KA/cm2.  We  believe  this  approach  is 
applicable  to  other  QD  laser  materials  systems. 
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